Aim: Infantile spasms (IS) are an age-specific epileptic syndrome with specific clinical symptom and electroencephalogram (EEG) features, lacking treatment options, and a poor prognosis. Excessive endogenous corticotropin-releasing hormone (CRH) in infant brain might result in IS. However, the data from human IS are limited. In our study, we investigated the expressions of CRH and its receptor type 1 (CRHR1) in surgical tissues from patients with IS and autopsy controls. Methods: Specimens surgically removed from 17 patients with IS, and six autopsy controls were included in the study. Real-time PCR, Western blotting, and immunostaining were used to detect the expressions of mRNA, protein expression, and distribution. The correlation between variates was analyzed by Spearman rank correlation. Results: The expressions of CRH and CRHR1 were significantly upregulated in the epileptogenic tissues of IS patients compared with the control group. CRH was distributed mainly in neurons, while CRHR1 was distributed in neurons, astrocytes, and microglia. The expression levels of CRH and CRHR1 were positively correlated with the frequency of epileptic spasms. Moreover, the expression of protein kinase C (PKC), which was an important downstream factor of CRHR1, was significantly upregulated in the epileptogenic tissues of patients with IS and was positively correlated with the CRHR1 expression levels and the frequency of epileptic spasms. Conclusion: These results suggest that the CRH signal transduction pathway might participate in the epileptogenesis of IS, supporting the hypothesis that CRH is related to the pathogenesis of IS.
Introduction
Infantile spasms (IS) are an age-specific epileptic syndrome characterized by frequent attacks of epileptic spasms, hypsarrhythmia on EEG, and mental retardation, with an unclear pathogenesis. In 1958, Sorel and Dusaucy-Bayloye found that ACTH could treat IS [1] and ACTH has been the first choice of treatment until now. Previous studies have indicated that the levels of ACTH and cortisol were significantly reduced in the cerebrospinal fluid of patients with IS [2] and ACTH maybe play an antiepileptic role by inhibiting the expression of CRH in the amygdala [3, 4] . Animal studies have shown that CRH can induce severe seizures and increase the excitability of immature brain [5] [6] [7] . Moreover, excessive CRH was considered to induce IS [8] . To our knowledge, reports directly investigating the relationship between CRH and IS in the epileptogenic tissues of patients with IS are lacking.
CRH has two major receptor subtypes in the brain, CRHR1 and CRHR2. The affinity of CRH to CRHR1 is greater than that to CRHR2 [9, 10] , and CRHR1 is considered more important for CRH for epilepsy. Previous studies indicated that convulsant effect of CRH in the immature brain may be mediated by CRHR1 [11] , the expressions of CRH and CRHR1 were simultaneously upregulated in the autopsy brain tissues from generalized epilepsy [12] , and CRH has been confirmed to induce CRHR1 expression in the cell membrane in the immature brain [13] . CRH receptors are the members of G protein-coupled receptor family, which triggers the activation of cAMP and phospholipase C (PLC) by binding CRH and further activating the intracellular protein kinases A (PKA), protein kinase C (PKC), and other signaling pathways factors [14] . PKC is closely associated with epilepsy. An electrophysiological study indicated that the activated PKC in rat hippocampal neurons plays an important role in the susceptibility to epilepsy and participates in the generation and maintenance of epilepsy [15] . However, the roles of CRH, CRHR1, and the downstream signals in the epileptogenic tissues of human patients with IS remain unclear.
Our study examined the expressions of CRH and CRHR1 in the epileptogenic tissues of patients with IS and analyzed the changes in the downstream signal molecular PKC, to elucidate their roles in the epileptogenesis of IS.
Patients and methods

Patients
The samples in this research were collected from the Neurosurgery Department at Xinqiao Hospital (Third Military Medical University, Chongqing, China). All processes and experiments were implemented under the guidance of the Ethics Committee of the Third Military Medical University. Human cerebral tissues were used according to the Declaration of Helsinki. No brain tissues were removed strictly for research purposes. All patients were independently evaluated by two neurologists. The inclusion criteria included the following: (1) the cases corresponded to the diagnostic criteria for IS [16] ; (2) multiple antiepileptic drugs, including ACTH and prednisone (Vigabatrin is not available in mainland China), had poor effects, that is the surgical intervention indications [17] [18] [19] ; (3) the epileptogenic zone of IS could be precisely localized after sufficient presurgical evaluation [16] . All the results of clinical semiology, EEG, brain MRI, and PET examinations were reviewed separately by independent neurosurgeons. The patients' clinical details are listed in Table 1 . Six controls were obtained from autopsies (M/F, 4/2; mean age 2.8 years; range 1-5 years) without a history of epilepsy, stress, or other neurological disorders; all cases was not affected by agonal status before death, death occurred relatively quickly after trauma or disease [20] [21] [22] ; the postmortem interval was <24 h. The autopsy was reviewed by two neuropathologists; both gross and microscopic observation showed no structural abnormalities. The detailed clinical characters are presented in Table 2 .
Tissue Preparation
The brain specimens collected were immediately sectioned into two parts at the time of operation or autopsy. One part was mixed in 10% diluted formalin for 24 h and inserted into paraffin. The paraffin-inserted sample was cut into 5-lm section for hematoxylin/eosin (H&E) staining and immunohistochemistry. The others were put in liquid nitrogen and saved at À80°C for later use in real-time PCR (polymerase chain reaction) and Western blot analyses.
Real-time PCR Analysis
RNA samples prepared from histologically normal brain tissues and epileptogenic tissues of patients with IS were used to perform real-time PCR analysis. Total RNA was isolated from each sample using 1 mL RNAiso plus reagent following the manufacturer ' s instructions (TaKaRa, Otsu, Japan). The concentration and quality of RNA were assessed by spectrophotometer at 260/280 nm (Ocean Optics, Dunedin, USA). Total cDNA was synthesized using 1 lg of total RNA and an oligo (dT) primer (TaKaRa, Otsu, Japan), and PCR primers were synthesized by TakaRa Company (Dalian, China 
Western Blotting
The frozen surgical specimens of patients with IS and the autopsy specimens of the control cortex were analyzed using Western blotting. All of the samples were homogenized with RIPA buffer including 10% protease inhibitor (Beyotime, Shanghai, China 
Immunostaining
After some tissue sections were stained with H&E, the remaining sections were used for immunostaining. The sections were deparaffinized in xylene and ethanol solution, rehydrated in deionized water, and then incubated for 30 min in 0.4% H 2 O 2 diluted in methanol. All tissue sections were placed into a phosphate-buffered saline solution (0.01 M, pH7.4) and heated in a microwave oven for 20 min over medium high heat to recover the antibody. The sections were incubated with 0.3% Triton-9 100 for 1 h at 37°C, and then were incubated with anti-human CRH (rabbit polyclonal, 1:400; Abcam), anti-human CRHR1 (goat polyclonal, 1:100; Abcam), and anti-human PKC (mouse monoclonal, 1:100; Boster, China) first antibodies overnight at 4°C. Following three washes, the tissue slices were incubated with a secondary antibody combined with a peroxide-labeled dextran polymer (Beyotime) for 1 h at 37°C. The immunoreactions were visualized using prepared 3.5-diaminobenzidine solution (DAB, Beyotime), and then, the tissue slices were counterstained with hematoxylin. After decoloration and dehydration, the sections were viewed under a microscope. We did not observe immunoreactive cells in negative control experiments, including pretermission of the first antibody. 
Evaluation of Immunochemistry
All staining sections were reviewed according with the previous methods [23] : 10 digital image at 1360 9 1024 pixel resolution at 4009 magnification were captured by the Olympus BX63 microscope (Olympus, Shinjuku-ku, Tokyo, Japan). We analyzed the digital images by Image Pro Plus software (IPP) (Media Cybernetics, Bethesda, MD, USA), and density mean was measured. First, we calibrated the optical density, set the area of interest through: hue, 0-39; saturation, 0-255; intensity, 0-255; then converted the image to gray image and counted the values with the data collector to collect data.
Statistical Analyses
The data are expressed as means AE SD. Statistical analyses were performed using SPSS 18.0 software (Chicago, IL, USA). Means of experimental groups were compared using independent-samples t-test, and the P-value <0.05 was considered statistically significant. The relations between variates were examined by the Spearman rank relation test.
Results
General Patient Information
The study group included 17 patients with IS, 12 males and five females. The average age at surgery was 29.4 months (range: 9-58 months), the average age of convulsion onset was 6.3 months (rang: 1-30 months), and the duration of epileptic spasm was 19.2 months (range: 8-46 months). All patients had epileptic spasms, and some patients also had partial seizures (41%), tonic seizures (24%), and generalized tonic-clonic seizure (18%). The average frequency of epileptic spasm before surgery was 304 times (range: 120-900 times) per month. The MRI scans showed cortical lesions in 15 patients, including eight cortical dysplasia and seven atrophy or encephalomalacia. The PET scans showed unifocal cortical hypometabolism in 11 patients and hemispheric hypometabolism in six patients. Fifteen of them were consistent with the MRI findings, and the other two was consistent with the electroencephalogram (EEG) findings. The EEG showed interictal hypsarrhythmia in eight patients and variant hypsarrhythmia in the remaining nine patients (their previous EEG displayed typical hypsarrhythmia), and showed ictal focal discharge origins in 13 patients and unilateral hemispheric multifocal discharge in the other four patients. The patients had unifocal (seven cases), unilateral multilobular (six cases), and unihemispheric resection (four cases). The Engel classification was applied for assessing the surgical outcome, including 12 class I, three class II, and two class III (Table 1) .
Real-time PCR and Western Blotting Analysis of CRH and CRHR1
Real-time PCR was used to determine the mRNA expressions of CRH, CRHR1 and CRHR2 in both the epileptogenic tissues of patients with IS and the control specimens. The results showed that the mRNA expressions of CRH and CRHR1 were significantly upregulated in the epileptogenic tissues of IS compared with the control group ( Figure 1A ,B). Western blotting showed similar results and indicated that the expressions of CRH and CRHR1 were significantly up-regulated in the epileptogenic tissues of IS compared with the control group ( Figure 1C-F) . But, the expression of CRHR2 was not significantly different in the epileptogenic tissues of patients with IS than in the control group (results not shown).
Immunohistochemical Analysis of CRH
H&E staining showed that the characteristics of focal cortical dysplasia type Ia (FCD Ia) included the disordered cortex and microcolumns ( Figure 2A ). Immunohistochemistry were used to detect the expression of CRH in the specimens from patients with IS and the controls. The results showed weak CRH immunoreactivity (IR) in neurons ( Figure 2B ) in the control. However, neurons displayed moderate-to-strong CRH IR ( Figure 2C ) in the epileptogenic tissues of IS. The density mean showed that CRH IR were significantly increased in the IS group than in the control group (Table 3) . Double-labeling staining showed that CRH was co-expressed in neurons with NF200 ( Figure 2D-F) , but was not co-expressed in astrocytes and microglia with GFAP and HLA ( Figure 2G -L).
Immunohistochemical Analysis of CRHR1
Next, we detected the expression of CRHR1 in the specimens of patients with IS and the control specimens. H&E staining showed the normal cortex displayed well-preserved cortical lamination, with the apical dendrite extending to the pial surface ( Figure 3A ). The immunohistochemical results showed weak-to-moderate CRHR1 IR in neurons and glial cells (Figure 3B ) in the control. However, neurons and glial cells Figure 1 Real-time PCR of CRH and CRHR1mRNA expressions in control cortexes (n = 5) and infantile spasms (IS) specimens (n = 5). Messenger RNA level for CRH (A) and CRHR1 (B) was significantly upregulated in IS specimens compared to Controls. Respectively *P = 0.037, *P = 0.019, independent-samples T test.
(C-F) Alteration of corticotropin-releasing hormone (CRH) and corticotropin-releasing hormone receptor 1 (CRHR1) expression in the epileptogenic tissues of IS.
(C-F) Representative immunoblot bands (C, E) and densitometric analysis (D, F) of total homogenates from IS specimens and Controls. CRH and CRHR1 are significantly increased in the epileptogenic tissues of IS compared to Controls. Respectively **P < 0.001, *P = 0.038, independent-samples T test.
displayed moderate-to-strong CRHR1 IR ( Figure 3C ) in the epileptogenic tissues of IS. The density mean showed that CRHR1 IR were significantly increased in the IS group than in the control group (Table 3) . Double-labeling staining showed that CRHR1 was coexpressed in neurons with NF200 (Figure 3D-F 
PKC and PKA Expression
Then, we investigated the expressions of PKC and PKA, which are considered the important downstream factors of CRHR1. Western blotting revealed that the expression of PKC was significantly upregulated in the epileptogenic tissues of IS compared with the control group ( Figure 4A,B) , but PKA expression were not different in the epileptogenic tissues of patients with IS than in the control group (results not shown). H&E staining showed atypical gliosis was characterized as an abnormal increase in the number of glial cells ( Figure 4A ). Immunohistochemistry demonstrated that neurons and glial cells displayed weak-to-moderate PKC IR ( Figure 4D ) in the controls and moderate-to-strong PKC IR in the epileptogenic tissues of patients with IS ( Figure 4E ). The density mean showed that PKC IR was higher in the epileptogenic tissues of patients with IS than in the control group (Table 3) . Double-labeling showed that PKC was coexpressed in neurons with NF200 ( Figure 4F -H), in astrocytes with GFAP ( Figure 4I -K) and in microglia with HLA ( Figure 4L-N) .
The Correlation between CRH, CRHR1, PKC, and the Epileptic Spasms
Furthermore, we analyzed the correlation between CRH, CRHR1, PKC, and the epileptic spasms. The expression levels of both CRH and CRHR1 were positively correlated with the frequency of epileptic spasms (CRH, r = 0.671, P < 0.05; CRHR1, r = 0.689, P < 0.05) ( Figure 5A ,B), but were not significantly correlated with other clinical variables. In addition, the expression levels of PKC were positively correlated with the frequency of epileptic spasms (r = 0.72, P < 0.05) ( Figure 5C ), and the expression levels of CRHR1 (r = 0.855, P < 0.01) ( Figure 5D ), but were not correlated with other clinical variables.
Discussion
In this study, we found that the expressions of CRH and CRHR1 were significantly higher in the epileptogenic tissues of patients with IS than in the control group. CRH was distributed mainly in neurons, while CRHR1 was distributed in neurons, astrocytes, and microglia. There were positive correlation between the expression levels of CRH and CRHR1 and the frequency of epileptic spasms. In addition, PKC was highly expressed in the epileptogenic tissues of IS and was positively correlated with the CRHR1 expression levels and the frequency of epileptic spasms. The above results suggest that the CRH-CRHR1-PKC signaling pathway maybe participate in the epileptogenesis of IS.
Excessive Expression of CRH in IS
Previous study indicated both ACTH and cortisol levels in the cerebrospinal fluid of infantile patients with IS are downregulated and ACTH played an anticonvulsant role by inhibiting CRH expression in the amygdala of immature rat [2] [3] [4] . Animal studies have shown that the seizure provoked by CRH was age-specific in the developing rat; for example, the required doses for adult rats were 200 times bigger than those required for seizure generation in rats at second postnatal weeks [24, 25] . Several studies also showed that CRH increased the excitability of multiple subareas of the hippocampus [24, 26] . One study demonstrated that the expression of CRH was elevated in autopsy brain tissues obtained from pediatric patients (5-15 years) with generalized epilepsy compared with the control [12] . Therefore, Brunson et al. speculated that CRH may target a specific cortex to trigger the epileptogenesis of human IS and proposed the hypothesis that excessive CRH in the brain is one of etiology of IS [8, 27] . However, there was no direct evidence of CRH in the brain tissues of human IS to illustrate this theory. In this study, we first found that CRH was significantly higher in the epileptogenic tissues of infantile patients with IS than in the control group. Furthermore, its receptor CRHR1 and downstream PKC signaling were activated and associated with the frequency of epileptic spasms, suggesting that excessive CRH in a specific cortex might participate in the epileptogenesis of IS.
Enhanced Expression of CRHR1 in IS
CRHR1 plays a major role due to its high affinity and specific distribution in brain [9, 10] . Limbic seizures induced by CRH in the immature rats can be blocked by CRHR1 antagonist, suggesting that the convulsant effect of CRH in the immature brain may be mediated by CRHR1 [11] . Our study further indicated that CRHR1 may be an important receptor that is involved in the role of CRH in the epileptogenic tissues of infantile patients with IS. CRH has been confirmed to induce CRHR1 expression in the cell membrane in the immature brain [13] , whereas this effect was decreased in adult brain [13, 28] . In our specimens from young children (under 5 years old), the expressions of CRH and CRHR1 were simultaneously upregulated and that were correlated with the frequency of epileptic spasms. The results suggested that CRH might promote the expression of CRHR1 in immature brains, which participating in the age-specific epileptogenesis of IS during a specific developmental stage of the brain.
Changed of PKC not PKA in IS
Electrophysiological studies of hippocampal pyramidal neurons showed that PKC is an important factor in the functional modifications with epileptic susceptibility and participated in the mechanisms of pathogenesis and maintenance of epilepsy; moreover, excitatory synaptic transmission was increased with PKC activation and the excitability of postsynaptic neurons was upregulated [15, 29, 30] . Other studies have suggested that PKC activation increased the expression of NMDA receptor and reduced the neuropeptide Y inhibition of glutamate release, thereby exerting seizure-promoting and potentially epileptogenic effects [31, 32] . Further study suggested that PKC activation upregulated the excitatory synaptic transmission in human dentate granule cells [33] . Some previous studies indicated CRHR1-PKC signal pathway involves in neuronal excitability [34] [35] [36] . CRHR1-PKC also involved in increased firing rate of dopamine neuron in ventral tegmental area [37] . In this study, the results showed that PKC was increased in the epileptogenic tissues of patients with IS and was positively correlated with the frequency of epileptic spasms and CRHR1 expression. Therefore, we speculated that the intracellular CRH-CRHR1-PKC signal pathway may be involved in the epileptogenesis of IS, but requires further investigation.
CHR-CRHR1-PKC Signal Pathway in Neuroglial Cells
CRH may induce the proliferation of astrocytes and increase the intracellular Ca2+ concentration via CRH Receptor [38, 39] , which induced the release of Ca2+-dependent glutamate and other gliotransmitters from glial cells [40] , and enhanced the excitability of and glia cells (headarrows in D) of control cortex, moderate to strong PKC IR in normal-appearing neurons (arrows in E) and glia cells (headarrows in E) of epileptogenic tissues of IS. Double-labeled immunofluorescence shows co-localization of PKC (green) with NF200 (red) in normal-appearing neurons (arrows in F-H). PKC positive (green) astrocytes co-localized with GFAP (red) (arrows in I-K), PKC positive (green) microglia (arrows) colocalized with HLA (red) (arrows in L-N), neuron do not co-localized with HLA(red) (arrowhead in L, N). Scale bars, 50 lm for C-E panels, 25 lm for F-H panels, 10 lm for I-N panels.
neurons. CRH was found to regulate the neuroinflammation by inducing the apoptosis of primary microglia cells in mouse forebrain [41] . The combination of CRH and CRHR1 mediated the secretion of IL-18 from microglia via the reactive oxygen intermediate (ROI) signaling pathway [42] , and promoted the expressions of TNF-a and Fas-L [43, 44] . Correlations between inflammation and epilepsy have been confirmed by many studies [45] . In the present study, immunohistochemical and immunofluorescence assays demonstrated that CRH was mainly distributed in neurons, and its receptor CRHR1 and downstream molecule PKC were distributed in neurons, astrocytes, and microglia. Thus, CRH might come from mainly neurons and be involved in the epileptogenesis of IS through the responses of neurons, astrocytes, and microglia.
Conclusions
On the whole, we first observed that CRH, CRHR1, and the downstream factor PKC were highly expressed in the epileptogenic tissues of human patients with IS and were associated with the frequency of epileptic spasms. These results suggest a potential epileptogenic role for CRH signaling pathway in IS, but further studies are needed to confirm the findings.
